Articles you may be interested in Constrained density functional theory based configuration interaction improves the prediction of reaction barrier heights J. Chem. Phys. 130, 034109 (2009) →N 2 ϩ2HCN) . Calculated self-interaction energies cancel, almost identically, for the reaction energies (⌬E R ), so that SIC functionals do not lead to a systematic improvement in ⌬E R . Self-interaction correction increases for reaction transition structures, leading to higher calculated activation barriers (⌬E ). The average absolute deviation in ⌬E , from ab initio and experimental barriers, is reduced from 14 kcal/mol for Vosko-WilkNusair ͑VWN͒ or 12 kcal/mol for revised Perdew-Burke-Ernzerhof ͑revPBE͒ functionals to 5.4 ͑SIC-VWN͒ or 3.4 ͑SIC-revPBE͒ kcal/mol. Reorganization of the electron density, due to removal of self-interaction, appears to be important. When SIC is included as a perturbation, using self-consistent densities of the parent functional, the average absolute deviations for the barriers increase to 7.5 (VWNϩSIC) or 5.3 (revPBEϩSIC) kcal/mol. Gradient-corrected functionals ͑revPBE, BP86͒ reduce the magnitude of the total self-interaction correction, by improving the description of the core orbitals. For the valence orbitals, both the magnitudes of the self-interaction corrections, and their change between reagents and transition structures, are similar for VWN local density approximation, and generalized gradient approximation functionals. Reducing the magnitude of the self-interaction energy for valence electrons thus appears to be a promising direction for the development of chemically accurate exchange-correlation functionals.
I. INTRODUCTION
Density functional theory ͑DFT͒ 1 has been remarkably successful in the prediction of reaction energies and activation barriers. 2, 3 As a consequence, it is now an indispensable tool in theoretical studies of chemical processes. However, a number of important, ''difficult'' chemical reactions have emerged as well, where DFT calculations fail, either quantitatively or qualitatively. 4 -21 Because all practical DFT calculations have to rely on analytical approximations to the unknown exact exchange-correlation ͑XC͒ functional, such failures indicate deficiencies in the approximate functionals, rather than a breakdown of the density functional theory, as such. These failures are expected to diminish, and disappear with the ongoing improvement in approximate XC functionals ͑see, for example, Refs. 22-28͒.
Nonetheless, some of the difficult chemical reactions have proven exceptionally stubborn. For many activation barriers in this category, gradient-corrected XC functionals offer little advantage over the simple local density approximation ͑LDA͒ functionals, 7, 9, 11 while an admixture of exact exchange may lead to only partial improvements. 9, 10, 13, 14, 16, 17, 20, 29 A persistent error, across three generations of approximate XC functionals, appears to indicate a common, fundamental deficiency. Specifically adjusting approximate XC functionals, to reproduce the difficult reaction barriers, 17, 20 leads to an improved description, and provides a pragmatic way of studying such reactions with DFT. However, it is also important to understand the physical origin of the problem, and to eliminate such failures through a rational design of the XC functionals ͑for example, Refs. 23, 30-32͒, rather than through parameter adjustment. For the difficult reaction barriers, such understanding is currently incomplete.
One of the problems, shared by most 33 approximate exchange-correlation functionals to date, is the incomplete cancellation of the self-interaction energy. Given a oneelectron density 1e , an exact XC functional must satisfy the condition In Eqs. ͑2͒ and ͑3͒, i are Kohn-Sham orbitals, is spin-electron density ͓ (r)ϭ ͚ occ ͉ i (r)͉ 2 ͔, is the total electron density, and v is the external potential. Violation of the self-interaction condition ͑1͒ has been shown to be responsible for the failure of approximate DFT in some symmetric dissociation, 14, 18 and hydrogen transfer 7 reactions. A simple, qualitatively appealing approach, towards removing self-interaction in many-electron systems, was proposed by Perdew and Zunger ͑PZ͒ some time ago. 34 In the PZ scheme, the total energy expression is modified, to include an orbital-by-orbital self-interaction correction:
is the per-orbital electron density͒. The PerdewZunger self-interaction correction is exact for perfectly localized systems, vanishes for the exact functional E xc , and reduces to LDA for the uniform electron gas. 34 This energy expression was applied, with a considerable success, to many problems in atomic, solid state, and molecular physics. 7,13,34 -49 At the same time, practical implementation of the PZ energy expression, for molecular calculations, leads to considerable difficulties, 35, 42, 44 50, 51 by an efficient selfconsistent implementation of the PZ SIC, which enables applications to bigger molecular systems, than previously pos- sible. This allows us to investigate the performance of the PZ self-interaction correction for a representative sample of difficult chemical reactions. The rest of this article is organized as follows: Computational details are collected in Sec. II. Section III discusses the results for 11 difficult chemical reactions, while Sec. IV provides the conclusions, and outlines directions for future work.
II. COMPUTATIONAL DETAILS
Calculations are based on DFT, [1] [2] [3] and were performed with the Amsterdam density functional ͑ADF͒ program package, 52-55 using efficient, Cartesian space numerical integration. 56 Scalar relativistic effects were included within the quasirelativistic framework, 57 employing relativistic frozen core potentials, in conjunction with the first-order Pauli Hamiltonian. Calculations were performed with VoskoWilk-Nusair ͑VWN͒ 58 LDA and revised Perdew-BurkeErnzerhof ͑revPBE͒ 31, 59, 60 generalized gradient approximation ͑GGA͒ functionals, which were applied selfconsistently. Unless noted otherwise, single-point DFT and SIC-DFT calculations were performed at the optimized ab initio geometries of molecules and transition structures, taken from the original literature. 6 -8,19,61-63 Calculations involving self-interaction corrections, were performed with a modified version of ADF. 50, 51 Our implementation supports both local and GGA functionals of the spin-density. Frozen atomic core orbitals are also supported within a SIC calculation, as described elsewhere. 51 Unless notes otherwise, the self-interaction correction was applied self-consistently. The Foster-Boys 64,65 localization procedure was used to obtain approximate solutions for the variational conditions within the occupied subspace. 35, 42, 44 Selfinteraction contribution to the exchange-correlation potential was treated with the Krieger-Li-Iafrate 39,40 ͑KLI͒ approximation to the optimized effective potential ͑OEP͒.
66,67
Slater-type basis set with 3ϫ(ns), 3ϫ(np), and 2 ϫ(nd) functions was used on hydrogen 50 and helium. 68 Slater-type basis sets, of TZ2P quality in the valence region, were used on C, N, O, F, Cl, and Br. 51 Frozen ͓1s͔ cores were used on C, N, O, F, and Cl. The bromine basis sets employed ͓2 p͔ frozen cores. In all cases, the auxiliary fitting sets were optimized to reproduce atomic orbital densities to machine accuracy. 69 Hartreer-Fock and coupled cluster ͑CCSD͑T͒͒ calculations on H 2 ϩ and He 2 ϩ used cc-pVTZ basis sets, 70, 71 and were performed with GAUSSIAN 98.
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III. RESULTS AND DISCUSSION
The results of the SIC calculations are summarized in Table I , giving the relative energies of the key stationary points on the potential energy surfaces ͑PES͒. These results are compared with the ab initio reference values, and uncorrected XC functionals. Individual chemical reactions are discussed below.
A: H 2 ϩ →HϩH ϩ . One of the well-known problems in practical DFT is dissociation of symmetric species with an odd number of electrons. 4, 11, 14, 18 The simplest possible reaction of this kind is dissociation of the molecular hydrogen cation. This one-electron system can be described exactly, with a spin-unrestricted Hartree-Fock technique. The performance of approximate DFT for this reaction has been investigated in detail, by several authors. 11, 14, 18 As can be seen from the calculated VWN LDA dissociation curve ͑Fig. 1͒, the equilibrium structure of the H 2 ϩ radical cation is described reasonably well. However, the potential energy surface is too soft, and leads to a spurious activation barrier at R H-H Ϸ3.15 Å. 11 The calculated VWN dissociation curve also exhibits an unphysical long-range repulsive interaction. These features arise from the failure of the LDA exchange functional to properly describe two infinitely separated H ϩ0.5 fragments. 4, 18 Such fragments must be isoenergetic with the infinitely separated H radical and the H ϩ cation. However, in approximate DFT, the increased self-interaction error in fractionally occupied systems 14 makes the H ϩ0.5 fragments excessively stable. Similar, qualitatively incorrect dissociation curves are obtained for the GGA functionals 11 ͑see sevPBE in Fig. 1͒ as well as the hybrid 14 functionals. Because Perdew-Zunger SIC leads to an exact description of any one-electron system, it is not surprising that both SIC-VWN and SIC-revPBE exhibit proper dissociation behavior. Calculated SIC dissociation curves ͑Fig. 1͒ and dissociation energies ͑Table I͒ agree with the UHF results to within the accuracy expected from the basis sets.
B: He 2 ϩ →HeϩHe ϩ . For this reaction, approximate XC functionals perform qualitatively similar to the H 2 ϩ dissociation. The excessively soft potential energy surface, spurious activation barrier, and unphysical long-range repulsion are all evident. 4, 11, 14 Because the orbital-by-orbital PerdewZunger correction is no longer exact for this three-electron system, 34, 73 SIC-DFT dissociation profiles do not coincide with the accurate ab initio ͓CCSD͑T͔͒ curve ͑see Fig. 2͒ . However, the shape of the curve is reproduced qualitatively correctly. The depth of the minimum also agrees well with the ab initio result ͓CCSD͑T͒: 56 kcal/mol, SIC previously documented for several small molecules, 12, 42 PZ SIC overcorrects at small interatomic distances, leading to too short equilibrium bond lengths ͓CCSD͑T͒: 1.08 Å, SIC-VWN: 0.96 Å, SIC-revPBE: 0.97 Å, compared to VWN: 1.08 Å, revPBE: 1.10 Å͔.
C: HϩH 2 →H 2 ϩH. This simple hydrogen exchange reaction has been studied with a variety of pure 7, 12 and hybrid DFT 13 techniques, as well as with post-SCF Perdew-Zunger SIC.
7,12,13 Self-consistent SIC barriers ͑Table I͒ confirm these perturbational results. Self-interaction corrected VWN recovers about half of the ab initio barrier, while the SIC-revPBE result is in an almost quantitative agreement with CCSD͑T͒ ͓CCSD͑T͒: 9.9 kcal/mol, 12 SIC-VWN: 5.8 kcal/mol, SICrevPBE: 11.8 kcal/mol͔. Without the correction, both pure and hybrid DFT methods are unreliable for this reaction. 7, 12, 13 D, E: HϩHCl→H 2 ϩCl, HϩN 2 H 2 →N 2 HϩH 2 . For these two radical hydrogen abstraction reactions, both VWN LDA, and revPBE GGA functionals lead to a total energy of the ab initio transition structures below the energy of the separated reagents ͑Table I͒. This suggests a barrierless process, contrary to the results of correlated ab initio calculations, which indicate a barrier of Ϸ6 kcal/mol. 61, 62 Standard hybrid functionals also predict small, or even negative, activation barriers for this reaction. 17, 20 In contrast, SIC-VWN reaction barriers for these reactions are somewhat too low ͑D: 3 kcal/mol; E: 5 kcal/mol͒, while SIC-revPBE barriers are somewhat too high ͑D: 9 kcal/mol; E: 10 kcal/mol͒. F: CH 3 ϩH 2 →CH 4 ϩH. This hydrogen abstraction process exhibits a behavior, qualitatively different from reactions C-E above. While VWN LDA still fails to find a barrier, both the revPBE GGA functional ͑Table I͒ and hybrid functionals 17, 20 lead to an activation barrier in a good agreement with high-level ab initio results. 63 Tellingly, the selfinteraction correction has almost no effect on the GGA reaction barrier ͑VWN: Ϫ4.7 kcal/mol, SIC-VWN:
Ϫ0.8 kcal/mol; revPBE: 7.5 kcal/mol, SIC-revPBE: 8.1 kcal/mol͒. G: HC(OH)ϭCHC(O)H→HC(O)CHϭC(OH)H. Activation barriers for the proton transfer, in systems with strong hydrogen bonds, is a well-documented problem case for LDA and GGA functionals. 74 Intramolecular proton transfer in malonaldehyde provides one of the simplest, and best studied 8 examples. For this system, LDA fails qualitatively, and predicts the symmetric C 2v structure to be an energy minimum, 2.4 kcal/mol below the C s ab initio minimum. Gradient-corrected revPBE functional recovers less than half of the ab initio energy barrier ͓CCSD͑T͒: 4.1 kcal/mol, H-J: X Ϫ ϩCH 3 X→CH 3 XϩX Ϫ , XϭF,Cl,Br. Energetics of the gas-phase S N 2 halogen exchange presents another long-standing problem in approximate DFT. 5 In this system, the stability of the ion complexes X Ϫ¯C H 3 X, relative to infinitely separated reagents ͑E C in Table I͒ is often overestimated, particularly for lighter halogens. At the same time, the internal activation barrier, determined relative to the ion complex ͑E IB in Table I͒ is systematically too low. These deficiencies are only partially corrected by an admixture of the exact exchange. 19 The excessive stability of the X Ϫ¯C H 3 X ion complexes has been linked to the overestimation of charge transfer, between X Ϫ and CH 3 X. 5 Once the self-interaction is corrected for, the magnitude of the charge-transfer in the ionic complex, as measured by the Hirshfield charges 75,76 on the halogen anion ͑see Table II͒, decreases by 0.06 -0.09 electrons. The reduced charge transfer is accompanied by a decrease in the ion complex bonding energy, bringing E C into a better agreement with ab initio results.
The low DFT internal activation barriers for halogen exchange, were linked to the excessive stabilization of the negative charge in the transition state structure, which is delocalized between the attacking and leaving halogen atoms. This situation is qualitatively similar to the H 2 ϩ dissociation reaction above, so that the self-interaction correction may be expected to be significant. In fact, for XϭF,Cl the PerdewZunger SIC is seen to overcorrect, leading to internal activation barriers significantly above the ab initio results ͑XϭF: ab initio W1': 13 kcal/mol, 19 barrier of the bromine exchange reaction ͑W1': 11 kcal/mol, 19 revPBE: 4.6 kcal/mol, SIC-revPBE: 4.4 kcal/ mol͒. This apparent cancellation of the self-interaction contribution may indicate that, in the presence of d electrons, the Boys localization procedure no longer provides an adequate approximation to the exact SIC localization conditions. K. C 2 N 4 H 2 →N 2 ϩ2HCN. This fascinating, trimolecular dissociation reaction presents a challenge to both density functional, and correlated ab initio techniques. 6 In this case, hybrid DFT ͑B3LYP
30 ͒ provides the best overall match to the experimental thermochemistry. 6 Thus, the optimized B3LYP geometries were selected as our reference structures. Unlike reactions A-J, where we used the best available theoretical estimates of the activation barrier height, we choose to use the experimental Arrhenius activation energy for dissociation of tetrasine. While these quantities are not identical, the differences are on the order of a few kcal/mol. 17 Such corrections are unlikely to be qualitatively important for barriers in excess of 50 kcal/mol, as found for the tetrasine decomposition. Both VWN LDA, and revPBE GGA fail for this reaction, and predict very similar energies for the ͑stable͒ tetrasine molecule, and B3LYP-optimized transition structure. Once the self-interaction error is accounted for, calculated activation barriers come into a good agreement with experiment ͑experimental: 52 kcal/mol, VWN: 11 kcal/mol, revPBE: Ϫ6 kcal/mol, SIC-VWN: 60 kcal/mol, SICrevPBE: 53 kcal/mol͒.
At the same time, the self-interaction correction changes the calculated reaction energy by only 2 ͑revPBE vs SICrevPBE͒ to 18 ͑VWN vs SIC-VWN͒ kcal/mol. Such a close cancellation of self-interaction energies for PES minima is quite remarkable, if one considers the magnitude of the corrections themselves. The magnitudes of the calculated selfinteraction energy corrections for C 2 N 4 H 2 , N 2 , HCN, and the transition structure of reaction K, are collected in Table  III , separately for the core (1s) and valence shells. The total, coreϩvalence correction for tetrasine molecule is Ϫ1981 kcal/mol with the SIC-VWN functional, and ϩ556 kcal/mol with SIC-revPBE. However, the correction changes by less than 1% between the reagent, and the products, so that the reaction energy is not affected qualitatively by the self-interaction error. The cancellation is less perfect for the transition state structure, where the valence selfinteraction energy changes by 10% ͑SIC-revPBE͒ to 19% ͑SIC-VWN͒.
Another interesting observation, which becomes apparent from Table III, is the qualitatively different behavior of the core and valence self-interaction energies, with respect to the LDA and GGA functionals. For VWN LDA, and first main row elements, the dominant contribution (Ͼ85%) to the self-interaction energy comes from the core orbitals. This contribution is reduced drastically, by inclusion of gradients corrections, such as in the revPBE functional. ͑We observe similar behavior for other gradient-corrected functionals, such as BLYP 77, 78 and BP86.
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͒ This leads to an immediate improvement in the total energy of atoms. 59, 80 However, the magnitude of the self-interaction correction for the valence orbitals, which are of crucial importance for chemical reactions, is not reduced noticeably by the GGA functionalsand may, in fact, even increase, compared to LDA. This helps explaining, why LDA and GGA functionals often exhibit similar failure modes for difficult reactions.
The calculated reaction energies, discussed above, are summarized graphically in Fig. 3 . From this comparison, it is clear, that SIC provides little, if any, improvement in the reaction energies. In only two cases ͑B: He 2 ϩ →HeϩHe ϩ and H: F Ϫ ϩCH 3 F→F Ϫ¯C H 3 F), the reaction energies are substantially improved over the pure DFT results. In the remaining seven reactions, SIC gives a statistically neutral contribution. This conclusion is collaborated by the statistical evaluation of the results, given in Table IV . For the gradientcorrected revPBE functional, the improvement in the average absolute error is a rather modest 30% ͑SIC-revPBE: 6.0 kcal/ mol, revPBE: 8.8 kcal/mol͒. The larger improvement for VWN LDA ͑SIC-VWN: 4.4 kcal/mol, VWN: 9.7 kcal/mol͒ is derived from just two reactions ͑B: He 2 ϩ →HeϩHe ϩ and K: C 2 N 4 H 2 →N 2 ϩ2HCH), and is unlikely to remain for a larger sample. For both SIC functionals, no improvement is found for the almost energy-neutral reactions D (HϩHCl →H 2 ϩCl) and F (CH 3 ϩH 2 →CH 4 ϩH), which is reflected in the average absolute relative errors ͑VWN: 84%, revPBE: 34%, SIC-VWN: 65%, SIC-revPBE: 41%͒. Transition state structure of the reaction K. c Core contributions to the self-interaction energy are independent of the chemical environment by construction, see Ref. 51 . In all-electron calculations, changes in the SIC contributions due to the core orbitals usually do not exceed 2-3 kcal/mol ͑data not shown͒. A different picture emerges for the calculated reaction barriers ͑Fig. 4 and Table IV͒. In most cases, examined here, both LDA and GGA functionals significantly underestimate the magnitude of the activation barriers, and sometimes fail to find any barrier. In contrast, the SIC-revPBE functional finds an activation barrier for all reactions and, in fact, tends to overestimate the barrier heights. These observations are supported by the decrease in the average absolute errors ͑VWN: 14 kcal/mol, revPBE: 12 kcal/mol, SIC-VWN: 5.4 kcal/mol, SIC-revPBE: 3.4 kcal/mol͒, as well as in the average absolute relative errors ͑VWN: 130%, revPBE: 80%, SIC-VWN: 50%, SIC-revPBE: 40%͒.
It has been suggested in the literature, 7 that a post-SCF self-interaction correction may provide an inexpensive, but sufficient, alternative to the more involved self-consistent implementations of the PZ SIC. However, to the best of our knowledge, perturbational SIC has only been applied to the potential energy surface of a single chemical reaction: H ϩH 2 →H 2 ϩH. 7, 12, 13 The large number of species, examined presently, allows for a more comprehensive comparison.
The most direct comparison of the two theoretical approaches involves total electronic energies. Due to the variational nature of the Perdew-Zunger energy expression, the rigorous, direct minimization approach 42 should result in the lowest total energy. Both the present SIC-KLI-OEP, 50 and the post-SCF SIC 7 are expected to produce higher total energies, with the magnitude of the deviation providing a direct measure of the performance of each approximate technique. As can be seen from Table V, both the SIC-KLI-OEP, and the perturbational SIC provide a remarkably good approximation to the variational SIC-LDA total energies of selected neutral closed-shell atoms. All three approaches agree to within four significant digits, with the perturbational SIC energy consistently 0.1-0.2 eV ͑2-5 kcal/mol͒ above the SIC-KLI-OEP result. ͑The two cases, where our SIC energies are slightly below the variational results of Goedecker and Umrigar, 42 are likely due to the numerical differences in the implementation of the LDA functional and the integration grid.͒ Unfortunately, we are not aware if any published variational PZ SIC total energies of molecular systems, which are sufficiently converged with respect to the basis set to, allow a direct comparison with out results. Nonetheless, it is still possible to examine the self-interaction corrections, and the total energies, within the SIC-KLI-OEP, and the perturbational SIC. On average, the post-SCF approach recovers close to 97% of the total PZ self-interaction energy, with both quantities showing a strong correlation across all structures we examined ͑see Fig. 5͒ . Calculated SIC-KLI-OEP total energies, for 34 structures ͑25 minima, 9 transition structures͒ and two functionals ͑VWN and revPBE͒ discussed in Sec. III, are consistently below the post-SCF SIC results, by up to 2.4 eV ͑56 kcal/mol͒. The only exception is tetrasine C 2 N 4 H 2 , where SIC-KLI-OEP experiences convergence difficulties, and the perturbational SIC-VWN energy is lower by 0.05 eV ͑1 kcal/mol͒. Overall, perturbational SIC provides a remarkably good approximation to the selfconsistent results for the total energies of molecules.
For systems containing only hydrogen and helium ͑reac-tions A-C in Table I͒ , the total magnitude of the selfinteraction correction is small-less than 0.7 eV per hydrogen atom. For these reactions, both the self-consistent SIC-KLI-OEP, and perturbational SIC lead to essentially identical results ͑see Table A3 in Ref. 68͒. For example, we calculate the H 2 ϩ binding energy of 63.4 kcal/mol using SIC-VWN, or 63.6 kcal/mol using perturbational SIC with VWN LDA electron densities (VWNϩSIC).
The magnitude of the valence self-interaction increases for heavier elements ͑Ϸ3 eV/C; Ϸ20 eV/Cl; Ϸ30 eV/Br atom͒, so that the small relative errors in the perturbational SIC treatment become significant for the shape of the potential energy surface. For examples, the post-SCF VWN ϩSIC approach predicts complexation energy ⌬E C of 29 kcal/mol in reaction J (Br Ϫ ϩCH 3 Br→Br Ϫ¯C H 3 Br), compared to 14 and 10 kcal/mol, respectively, in self-consistent SIC-VWN and reference ab initio calculations. Similarly, perturbational revPBEϩSIC finds a barrier of 19 kcal/mol for reaction E (HϩN 2 H 2 →N 2 HϩH), compared to 10 kcal/ mol in SIC-revPBE, and 5.9 kcal/mol in reference ab initio calculations. A complete list of post-SCF VWNϩSIC and revPBEϩSIC reaction energies and barriers for reactions A-K is included in an EPAPS deposit. 68 The overall statistical analysis of the perturbational SIC results is provided in Table IV . As can be seen from the residual errors for reaction barriers, the post-SCF approach captures some of the essential, qualitative effects of the SIC.
At the same time, it is clearly inferior to the more complete, self-consistent SIC-KLI-OEP treatment.
IV. CONCLUSIONS AND OUTLOOK
We examined 11 difficult reactions with self-interaction corrected density functional theory. The data set includes dissociation of radicals into symmetric fragments ͑2 reactions͒, hydrogen abstraction ͑4 reactions͒, proton transfer ͑1 reaction͒, S N 2 halogen exchange ͑3 reactions͒, and closed-shell triple, unimolecular dissociation ͑1 reaction͒. All but three of these reactions have not been examined previously for the effects of self-interaction.
Calculated self-interaction energies cancel, almost exactly, for the reaction energies E R , so that SIC functionals do not lead to a systematic improvement in E R . Far from equilibrium structures on the potential energy surface, the error cancellation is disrupted. Change in the self-interaction energy then leads to destabilization of transition state structures, which largely corrects the well-documented underestimation of activation barriers in approximate density functional theory. As a consequence, the average absolute deviation, from 9 accurate ab initio and experimental activation barriers, is reduced from 14 ͑VWN͒ or 12 ͑revPBE͒ kcal/mol to 5.4 ͑SIC-VWN͒ or 3.4 ͑SIC-revPBE͒ kcal/mol.
The total self-interaction energy is reduced, upon incorporation of gradient corrections in the exchange-correlation functional. However, a dominant contribution to the selfinteraction energy correction ͑Ͼ85% in tetrasine C 2 N 4 H 2 ͒ in VWN LDA originates from the core region, and is canceled in chemically meaningful energy differences. For both LDA, and GGA functionals, valence orbitals exhibit selfinteraction energies of a comparable magnitude. As a consequence, LDA ͑VWN͒ and GGA ͑revPBE, BP86͒ functionals show similar variations in the self-interaction correction, and thus exhibit similar failure modes in difficult reactions. Reducing the magnitude of the self-interaction energy for valence electrons, possibly even at the expense of increased self-interaction in the core region, and a less accurate description of the total energies, thus appears to be a promising direction for the development of chemically accurate exchange-correlation functionals.
The increased importance of self-interaction for nonequilibrium structures, helps to explain why DFT activation barriers of difficult reactions are often improved with an increase in the fraction of the exact exchange, admitted in the calculation, from 0 ͑pure DFT͒, to 20% ͑B3LYP͒, to 50% ͑BH&HLYP, mPWH&HPW91͒. 17, 19, 20 The exact exchange contribution, to the DFT total energy, is, by construction, self-interaction free. In the absence of an explicit selfinteraction correction, increase in the exact exchange contribution decreases the magnitude of the self-interaction energy, which, in turn, leads to an improved error cancellation, across the potential energy surface.
Removal of self-interaction from the exchangecorrelation potential is responsible for a small, but chemically significant reorganization of the valence orbitals. As a result, the inexpensive, post-SCF SIC ͑Ref. 7͒ appears to be insufficient for calculations of reaction barriers, involving elements other than hydrogen and helium. 
